In 1969, prior to the discovery of the subglacial Lake Vostok, an Askania Gs-11 gravimeter was operated at Vostok Station (78.466 S, 106.832 E; 3478 m asl) to observe tidal gravity variations. To gain a better understanding of the lake's tidal dynamics, we reanalyzed these data using a Bayesian Tidal Analysis Program Grouping method (BAYTAP-G and -L programs). The obtained phase leads for the semidiurnal waves M2 (6.6 AE 2.1 ) and S2 (10.1 AE 4.2 ) are more pronounced than those of the diurnal waves, among which the largest phase lead (for K1) was 5.0 AE 0.5 . The obtained d factor for M2 was 0.890 AE 0.032, significantly less than the theoretical value of 1.16. For three global ocean tide models (NAO99b, FES2004, and TPXO6.2), the estimated load tides on waves Q1, O1, P1, K1, M2, and S2 range from 0.1e0.2 mGal (Q1 and S2) to 0.6e0.7 mGal (K1). The difference in amplitude among the three models is less than 0.14 mGal (M2), and the difference in phase is generally less than 10
Introduction
The response of the deformable Earth to luni-solar tidal forces is often characterized by a parameter termed the gravimetric factor (d factor) given by d ¼ 1 þ h À 3k/2 for diurnal and semidiurnal waves, where h and k are Love numbers. Although radial profiles of h and k vary for different Earth models, the d factor is believed to have a constant value of around 1.160 (e.g., Melchior, 1983) . Given the sparse distribution of gravimetric observations in Antarctica, and because of the existence of a vast, relatively soft ice mass, tidal observations in Antarctica would be of special interest if the d factors are higher (softer) in Antarctica than in mid-latitude regions.
Almost 40 years ago, from 22 July to 10 December 1969, an Askania Gs-11 gravimeter was operated at the Russian (former Soviet Union) Vostok Station in Antarctica (78.466 S, 106 .832 E; 3478 m asl; Fig. 1 ) to observe tidal gravity variations (Schneider, 1970 (Schneider, , 1971 . The observation data were analyzed by Schneider and Simon (1974) based on the method proposed by Venedikov (1966) , yielding interesting but unexplainable features on the K1 and M2 tides. A nonzero phase lead of 7.3 AE 1.5 was obtained for the diurnal K1 wave. For the semidiurnal M2 wave, the obtained tidal gravimetric factor (d factor) of 0.875 AE 0.071 was notably smaller than the theoretical value of around 1.16.
Today, these features are believed to be related to the existence of the subglacial Lake Vostok (Kapitsa et al., 1996) ; indeed, Dietrich et al. (2001) attributed these discrepancies to the effect of tides in Lake Vostok.
In the present study, we reanalyze the above tidal gravity data using a Bayesian Tidal Analysis Program Grouping method (BAYTAP-G; Ishiguro et al., 1981; Tamura et al., 1991) . The program can be used to decompose data-adaptively the offset-corrected timeseries data into tidal signals, responses to atmospheric variations, drift terms, and irregular noise.
The motivation for this reanalysis is related to increased interest in the iceewateresolid dynamics of Lake Vostok. The Scientific Committee on Antarctic Research (SCAR) selected Lake Vostok as the major comprehensive and interdisciplinary subject for studies of environmental change on Earth, and encouraged reconnaissance geophysics as a first step (Stage 1) toward the eventual drilling of ice cores and recovery of lake water and lake-floor sediment (Stage 7).
From late 2002 to early 2003, ground-based GPS measurements were made over the lake surface (Wendt et al., 2005 (Wendt et al., , 2006 , revealing lake water dynamics under the influence of tidal and atmospheric pressure forcing (Wendt et al., 2005) , although systematic GPS errors were encountered at some tidal frequencies; consequently, new analyses of prior gravimetric data are required.
Observations using the Askania Gs-11 gravimeter
During the 1960s, the Askania Gs-11 gravimeter was the principal instrument used in studying Earth tides. According to Nakagawa (1961) , at least six factors must be taken into consideration to ensure reliable observations: obtaining the least sensitive position to tilting, the least sensitive position to changes in the circuit current, an adequate setting for the thermostat temperature, stable electric-grounding, an adequate installation direction to magnetic north (or south), and pressure equalization of the gravity-spring capsule.
For observations undertaken at Vostok Station, the No. 140 gravimeter was used, and Schneider (1970) made detailed notes on aspects such as construction of the snow-pit used to house the gravimeter, its environmental conditions, and installation and handling of the gravimeter. Schneider (1970) considers all six of the factors listed above, except for pressure equalization of the gravity-spring capsule.
Current supply to both the external and internal thermostats of the Gs-11 gravimeter can be independently switched to one of three stages. With a selected combination of two of the current stages, observations can be continued under a stabilized temperature condition of the gravity sensing spring. Despite the use of this temperature-control mechanism, instrumental drift in the Askania Gs-11 gravimeter is mainly a function of variations in environmental temperature, meaning that frequent output calibration is required.
By using the calibration device integrated in the Askania Gs-11 gravimeter, the scale constant can be determined to an accuracy of 0.1e0.2%. For recordings of tidal variations, however, the accuracy of the determined scale constant from the auto-recorder is limited to 1% (Nakagawa, 1961) , even under careful handling of the gravimeter. Schneider (1971) lists seven amplitudecalibration values during the 3 months from July to September of 1969, and five values during the 3 months from October to December of the same year. In terms of phase calibration, Schneider (1971) reported that the instrument had a phase lag of À0.7
for diurnal waves and À1.4
for semidiurnal waves, and that the amplitudes are only slightly damped by 0.01% and 0.03% for diurnal and semidiurnal waves, respectively. We converted the output amplitudes into gravity values using the obtained calibration constants; the resultant tidal gravity variations are shown in Fig. 2a .
Tidal analysis

Preprocessing of the gravity records
The observed data contained ''tares'' that occurred when the calibrations were performed. Before detailed analysis, we corrected for tares and removed apparently irregular values. To estimate the magnitude of each tare, we removed the theoretical tidal components and empirical atmospheric response, and generated smooth time series. We then separately averaged the 12 h of data before and after each tare, and calculated the difference between the two averages. This difference was regarded as the estimated value of the tare.
In the preprocessing, we employed À2.6 mGal/hPa as the gravity response to a unit change in air pressure, as obtained from coarse linear fitting to airpressure variations observed at Vostok Station (Fig. 2b) . This prefitting was necessary to reduce a large drift present in the original tidal time series, and to accurately locate tare positions; however, the above response coefficient is about 10 times larger than typical values determined on the ice sheet. For example, Shibuya and Ogawa (1993) obtained a value of À0.24 mGal/hPa at Asuka Station (71.5 S, 24.1 E).
BAYTAP-G decomposition
The final tare-corrected time series of gravity change have duration of 3383 h at a sampling interval of 1 h. In contrast to the original analysis performed in the 1970s (Schneider, 1971 ), we did not divide the records into subdatasets; instead, we used all of the records as a single set and decomposed them into six-teen tidal constituents (eight diurnal, seven semidiurnal, and one terdiurnal). The basic procedures of decomposition and parameterization employed for modeling are explained in detail by Tamura et al. (1991) , and are not repeated here.
The results obtained for the six major constituents (Q1, O1, P1, K1, M2, and S2) are shown in Table 1 (upper six rows). The instrumental phase delay reported by Schneider (1971) (i.e., e0.7 for diurnal waves and À1.4 for semidiurnal waves) was corrected. Compared with the K1 phase lead of 7.3 AE 1.5 reported by Schneider (1971) , our result (5.0 AE 0.5 ) shows an improvement, but there remains a significant discrepancy from the theoretical value of around 0 . The observed phase leads of the O1 (1.7 AE 0.6 ) and P1 We obtained a d factor of 0.890 AE 0.032 for the M2 wave, similar to the value of 0.875 AE 0.071 reported by Schneider (1971) , confirming that the value is much smaller than the theoretical value of around 1.16. Note that the magnitude of the standard error in our calculation is half of that reported by Schneider (1971) . Fig. 3 shows (from top to bottom) the decomposed tidal term, response term to atmospheric variations, irregular (noise) term, and the drift term. A clear tidal variation of AE50 mGal was decomposed. A steady noise level of AE10 mGal is satisfactory when we consider it relates to the operation of a classic instrument under harsh environmental conditions. There occurs a change in the pattern of drift at about two-thirds of the way through the records, although the records as a whole are characterized by an exponential decay with time.
Given that the observations continued for about 5 months, it is possible to estimate long-period tides. After removing the obtained diurnal and semidiurnal waves, we applied the BAYTAP-L analysis program (longperiod version of BAYTAP-G) to estimate the monthly (Mm) and fortnightly (Mf) d factors. The results are summarized in the middle two rows of Table 1 . The error associated with the Mm amplitude (20 mGal) is excessively large, meaning that the resultant d factor (2.19 AE 3.45) is unrealistic. The d factor of 1.38 AE 0.36 obtained for the Mf wave must have been affected by long-period air-pressure responses and instrumental drift. Given these large uncertainties, we decided not to analyze long-period waves.
Response to atmospheric variations
The response coefficient to atmospheric pressure obtained using BAYTAP-G was À3.5 mGal/hPa, slightly greater than the prefitting value of À2.6 mGal/ hPa. This unexpectedly large value may reflect the setting of the pressure equalization screw of the Askania Gs-11 gravimeter.
The Askania Gs-11 gravimeter can be wholly pressure-sealed using a rubber sealing ring. The air pressure of areas inside and outside of the gravitya b c d Fig. 3 . Gravity variations decomposed into (from top to bottom) (a) the tidal term, (b) response term to air-pressure variation, (c) irregular (noise) term, and (d) drift term; instrumental drift plus long-period variation, as calculated using the BAYTAP-G program (Tamura et al., 1991) . spring capsule can be equalized using a ''pressure equalization screw.'' The inside of the Gs-11 gravimeter can be sealed by closing this screw.
During installation, it is important to loosen the screw to allow the pressure to stabilize (e.g., Nakagawa, 1961) . Upon carefully examining the variations in air pressure at the site, the screw should be sufficiently closed to obtain the average air pressure at the site. This procedure is followed because it is preferable to minimize the difference in air pressure between the areas inside and outside of the gravity-spring capsule. Once the screw is closed, and provided that the rubber sealing ring is correctly positioned and functional, the Gs-11 gravimeter can be regarded as being air-tight.
According to experiments undertaken by the manufacturer (Askania-Werke, 1958), an air-pressure effect of À2.3 mGal/mmHg (about À1.73 mGal/hPa) is obtained when the Gs-11 gravimeter is not air-tight, while the effect is around À1 mGal/mmHg (about À0.75 mGal/hPa) when air-tight under average airpressure values.
Given that Schneider (1971) makes no mention of air-pressure equalization, we have no knowledge of the exact condition during the earlier experiment; however, we suspect that the unexpectedly large magnitude (e3.5 mGal/hPa) resulted in part from the effect of uncompensated Lake Vostok buoyancy beneath the unsealed Gs-11 gravimeter, in combination with relatively large air-pressure variations (>40 hPa) recorded at the site.
Although the obtained air-pressure admittance was anomalously large, the decomposed tidal parameters can be considered reliable from the reasonably estimated value and the small range of the associated error for each wave.
Estimate of ocean tide effect
The effects of ocean tides are likely to be minor at Vostok Station, where the nearest coastline is located about 1300 km away; however, it is possible that the effects are non-negligible. We therefore calculated the ocean tide effect by applying six global ocean tide models: NAO99b (Matsumoto et al., 2000) ; FES2004, which is an updated version of FES99 (Lyard et al., 2006) ; GOT00.2 (Ray, 1999) ; TPXO6.2 (Egbert and Erofeeva, 2002) ; CADA00.10 (Padman et al., 2002) ; and CATS02.01 (Padman et al., 2002) . Table 2 Ocean tide effects of the four major diurnal and two semidiurnal waves, as calculated using the NAO99b model (Matsumoto et al., 2000) ; the FES2004 model, a version of FES99 (Lyard et al., 2006) ; and the TPXO6.2 model (Egbert and Erofeeva, 2002 In our calculation, a load Green's function with the GutenbergeBullen Earth model (Farrell, 1972) was used to integrate the load Green's function with the sea-water mass of the modeled global ocean. The deficit in tidal water mass was corrected by globally subtracting a uniform layer of water with a certain phase lag. We calculated the ocean tide effects using SPOTL software (Agnew, 1996) .
The above ocean models are compared in detail by and King and Padman (2005) , who reported that the optimum model for the entire circumAntarctic ocean is TPXO6.2, followed by FES2004; NAO99b performs poorly in the region of the ice shelf. We only note here that our results are generally consistent with the summary provided in these earlier studies.
For comparison, we list the results obtained using NAO99b, FES2004, and TPXO6.2. The estimated load tides on the Q1, O1, P1, K1, M2, and S2 waves are listed in Table 2 . The difference in amplitudes among the three models is less than 0.14 mGal (for the M2 wave). The phases are converted into local phases, and the differences among the models are generally within 10 , with the exceptions being 41 for the S2 wave and 13 for the Q1 wave.
Residual tides
The residual tide vector R can be obtained from
where O is the observed vector in Table 1 ; T is the theoretical tide vector, where its amplitude can be calculated using the assumed theoretical d factor of 1.154 for the O1 and Q1 waves, 1.149 for the P1 wave, 1.134 for the K1 wave, 1.162 for the M2 and S2 waves, and 1.157 for the Mf wave (after Dehant et al., 1999, table 9 ) for the inelastic nonhydrostatic PREM (Dziewonski and Anderson, 1981) model; and L is the ocean loading tidal vector, as listed in Table 2 . The calculated residual tide vectors for the three applied ocean models are listed in Table 3 .
Compared with the elastic hydrostatic model of Dehant et al. (1999) , the theoretical amplitudes of the above inelastic hydrostatic model are larger by between 0.12% (P1) and 0.19% (K1), and are between 1.56% (K1) and 2.45% (S2) larger in comparison with the formula proposed by Wahr (1981) with the 1066A (Gilbert and Dziewonski, 1975) model. The improved inelasticity and inclusion of nonhydrostatic conditions in the present approach resulted in larger theoretical amplitudes than those predicted using previous models, which in turn resulted in smaller residual tides after correction for the ocean load tides.
There are no obviously significant differences in the results obtained using the three models, although TPXO6.2 (Egbert and Erofeeva, 2002) yields the smallest residuals for the largest diurnal K1 wave and semidiurnal M2 wave. Using the estimated error s A of the observed amplitude listed in Table 1 , and regarding the discrepancy in the load tide amplitude among the three models in Table 2 as the associated error s L of the load tide modeling, the overall amplitude error of the residual tidedthe square root of (s A 2 þ s L 2 )dis estimated to lie in the range between 0.10 mGal (S2 wave) and 0.25 mGal (K1 wave), as shown in column 8 of Table 3 . Hereafter, we only consider the TPXO6.2 model, as this model yielded the optimum (bottom) waves, where the ocean load tide corresponds to the result obtained using the TPXO6.2 model (Egbert and Erofeeva, 2002) . The load tide vector was calculated using SPOTL (Agnew, 1996). performance and gave the smallest residuals for most of the waves.
Compared with the residual amplitude of 3.4 mGal reported by Schneider (1971) , our result for the K1 wave was reduced to 1.36 AE 0.25 mGal, and we obtained 0.37 AE 0.17 mGal for the M2 wave, approximately half the value of 0.6 mGal obtained in the original analysis. We obtained a value of 0.29 AE 0.16 mGal for the residual tide for the O1 wave, just one-sixth of the value reported by Schneider (1971) .
The characteristic features of residual tides can be adequately represented by the K1 and M2 waves. Table 5 (a) BAYTAP-G results at Asuka Station re-tabulated using the theoretical d factor proposed by Dehant et al. (1999) and the theoretical amplitude (in mGal). (b) Ocean load tide and the residual tide calculated using the NAO99b, FES2004, and TPXO6.2 models, similarly to that in Taking the phase of the theoretical tide vector to be zero, the related vectors can be mapped onto phasor diagrams, as shown in the top (K1) and bottom (M2) panels of Fig. 4 . It is interesting that the K1 wave is approximately 90 phase-leaded, while the M2 wave is approximately 180 phase-leaded. The important results attained from tidal analyses undertaken at Vostok Station are summarized in Table 4 .
Discussion
Comparison of residual tides at Vostok Station with those at Asuka Station
Few tidal gravity observations have been made on the Antarctic ice sheet, with the exception of the South Pole (e.g., Knopoff et al., 1989) ; however, we can refer to the results obtained at Asuka Station (Shibuya and Ogawa, 1993) . The analysis undertaken by Shibuya and Ogawa (1993) is revisited in light of recent advances in global ocean-tide modeling. Table 5a lists the re-tabulated observed parameters of tidal constituents originally listed in table 1a of Shibuya and Ogawa (1993) , along with theoretical d factors calculated using the inelastic nonhydrostatic PREM model of Dehant et al. (1999) , and associated theoretical amplitudes. When we apply the NAO99b, FES2004, and TPXO6.2 ocean tide models, the load tides and residual tides can be calculated in a similar way to that for Vostok Station (see Table 5b ).
Of note, the large residuals in the semidiurnal waves (0.95 AE 0.20 mGal for M2 and 0.62 AE 0.20 mGal for S2 in table 3 of Shibuya and Ogawa, 1993) are reduced to insignificant residuals of 0.08 mGal (M2) and 0.16 mGal (S2), respectively, in our revisited calculations. These improvements were achieved solely as a result of improvements in global ocean tide modeling around Antarctica .
Anomalous K1 residual at Vostok Station
The K1 residual tide at Vostok Station (1.36 mGal; Table 3 ) is anomalously large considering the uncertainty of 3s ¼ 0.75 mGal; this anomaly is not seen in the Asuka results (Table 5) . Furthermore, the gravity residuals at the South Pole are even smaller than those at Asuka Station . We therefore conclude that the large residual tide is not due to inaccurate global ocean tide modeling; instead, it must be inherent in the dynamics at the Vostok observation site.
We now consider whether this anomaly is due to unresolved S1 from K1. As shown in the lower nine rows of Table 1 , the BAYTAP-G program is able to resolve minor constituents of the diurnal (M1, S1, J1, and OO1), semidiurnal (2N2, N2, L2, and K2), and terdiurnal (M3) waves. When the amplitudes of the decomposed waves are around 1.0 mGal (i.e., M1, J1, and OO1), the estimates seem reasonable. The S1 (0.59 mGal) and L2 (0.69 mGal) waves which have smaller amplitudes, must be at or below the noise level, as the observed d factors (4.408 for S1 and 8.144 for L2) are unrealistic. Theoretically, the S1 amplitude can Fig. 5 . Coherence spectrum between the gravity and air-pressure variation signals at Vostok Station. Sixteen peaks can be identified between 10 and 100 h. be considered to be several percent of the K1 amplitude. In any case, the observed S1 amplitude (0.59 mGal) is about 2.9% of the K1 amplitude (20.55 mGal), contributing only 0.04 mGal to the anomalous K1 amplitude of 1.36 mGal.
Is the anomaly due to the static physical properties of the ice sheet? As stated by Shibuya and Ogawa (1993) , the air-pressure admittance at Asuka Station on the coastal ice zone (see Fig. 1 ) diminished to À0.24 mGal/hPa from the standard crustal value of around À0.30 mGal/hPa (e.g., À0.35 mGal/hPa reported by Warburton and Goodkind, 1977) , because the ice sheet is more compressible than the crust. There is no reason to expect that the ice sheet of central Antarctica is significantly less compressible than the marginal ice zone. Moreover, any such effect would not be restricted to the K1 wave: it would apply equally to all the waves considered here. In any case, the effects are insignificant in terms of the magnitude of the anomalous K1 residual tide.
It is also important to consider if the anomalous tide is due to the specific static atmospheric pressure field over Antarctica. For example, Ray and Ponte (2003) inferred 0.2 hPa for S1 air pressure in central Antarctica; however, this value is also negligible in terms of the magnitude of the residual tide.
The most probable explanation of the anomalous K1 residual tide may be the non-uniform deformation dynamics of the Lake Vostok area under watereicee air coupling. As the anomalous residuals did not appear in P1 (24.066 h period, see column 5 of Table 1) or J1 (23.098 h period), any enhancing mechanism of the anomalous K1 residual tide must lie within the very narrow period bands from K1 (23.934 h) to S1 (24.000 h). Fig. 5 shows the coherence between the gravity signal and air-pressure variations at Vostok Station. As there are sixteen conspicuous peaks within the 10e100 h period, it is possible that a certain combination of dynamic atmospheric loading may induce seiche-like standing oscillations. Lake Vostok is approximately 280 km long in a northesouth direction and 50 km wide (eastewest). The lake is up to 1200 m deep and is covered by an ice sheet of up to 4300 m thick (Masolov et al., 2001) . Unlike the oceans, the smaller extent and therefore shorter natural periods of the lake tides are characterized by an approximately equilibrium response to tidal forcing. Wendt et al. (2005) suggested that the tides in the northern part of the lake are in phase with tidal forcing, whereas the opposite phase is encountered at the southern tip. The synthetic differential equilibrium tides at Vostok Station (located at the southern tip of the lake; see VOSTOK in Fig. 1 ) reveal a maximum range of the tidal signal of approximately 20 mm, with the 4 mm K1 amplitude being predominant.
The vertical components of tidal motion of the lake's surface were obtained for major diurnal and semidiurnal constituents, based on GPS observations made at point CNTR, located 26 km north of Vostok Station and more than 15 km from the presumed shore of the lake (CNTR in Fig. 1 Wendt et al., 2005) .
Given a cylinder-shaped mass (50 km in diameter) of fresh water at 4 km depth, the Bouguer reduction coefficient required to convert the vertical displacement to tidal gravity change is À0.273 mGal/mm. Therefore, the observed displacements correspond to 0.71 AE 0.09 mGal, which still leaves a discrepancy of 0.65 mGal. Moreover, Vostok Station (VOSTOK in Fig. 1 ) is closer to the grounded ice sheet than the CNTR site, and a damping factor must be applied to the vertical motion at Vostok Station. The small residuals of the other constituents (before correction for lake tides) add further weight to this argument. Wendt et al. (2005) also estimated the response of the overlying ice sheet to the differential atmospheric pressure above the subglacial lake, based on the Inverse Barometer Effect (IBE) from NCEP (National Center for Environmental Prediction) reanalysis data (Kalney, 1996) . The derived relationship of 5 mm height change per 1 hPa air pressure difference above the lake corresponds to À1.4 mGal/hPa using the conversion coefficient stated above; however, atmospheric pressure derived from the NCEP model for Vostok Station shows no correlation with pressure differences above the lake. NCEP-derived IBE does not explain the strong negative relationship between air pressure and gravity.
The reason for the anomalous K1 residual tide remains unknown; however, gravity observations of Earth tides over Lake Vostok using more sophisticated instruments with collocated observations from space (InSAR, satellite gravimetry, etc.) and on-ground profiles (GPS kinematics, surface synoptic measurements, etc.) will reveal detailed features of the dynamics of the ice sheet overlying the lake water, and may thereby solve the mystery of the anomalous K1 residual tide.
Conclusion
We used BAYTAP-G analysis software to reanalyze data collected using an Askania Gs-11 gravimeter at Vostok Station in 1969. The obtained tidal gravimetric factors for semidiurnal tides are significantly less than the theoretically expected values. The phase leads for semidiurnal waves are more pronounced than those for diurnal waves.
Corrections for ocean tide effects were made using three global ocean tide models: NAO99b, FES2004, and TPXO6.2. After this correction, the tidal factors of most of the major waves converged with theoretical values. A revisited analysis of residual tides at Asuka Station (71.5 S, 24.1 E) confirmed that the discrepancy with the theoretical tide is mostly due to an incorrect estimate of ocean loading effect. The TPXO6.2 model gave the smallest residual tides for most of the waves; however, an anomalously large residual tide of 1.36 mGal for the K1 wave was observed at Vostok Station, and we conclude that this must be linked to ice sheetelake dynamics at this site. Continuing studies of Lake Vostok using both kinematic GPS and advanced tidal gravity observations with barometers will reveal more detailed features of the iceewateresolid dynamics of the region, and may solve the mystery of the anomalous K1 residual tide.
